The strength of the Spindle Assembly Checkpoint (SAC) depends on the amount of the 36 Mad1-C-Mad2 heterotetramer at kinetochores but also on its binding to Megator/Tpr at 37 nuclear pore complexes (NPCs) during interphase. However, the molecular underpinnings 38 controlling the spatiotemporal redistribution of Mad1-C-Mad2 as cells progress into mitosis 39 remain elusive. Here, we show that Mps1-mediated phosphorylation of Megator/Tpr 40 abolishes its interaction with Mad1 in vitro and in Drosophila cells. Timely activation of 41 Mps1 during prophase triggers Mad1 release from NPCs, which we find to be required for 42 competent kinetochore recruitment of Mad1-C-Mad2 and robust checkpoint response. 43 Importantly, preventing Mad1 binding to Megator/Tpr rescues the fidelity of chromosome 44 segregation and aneuploidy in larval neuroblasts of Drosophila mps1-null mutants. Our 45 findings demonstrate that the subcellular localization of Mad1 is stringently coordinated with 46 cell cycle progression by kinetochore-extrinsic activity of Mps1. This ensures that both NPCs 47 in interphase and kinetochores in mitosis can generate anaphase inhibitors to efficiently 48 preserve genomic stability.
. This reduces kinetochore-associated 101 complexity, hence providing a simpler naturally occurring system to uncover the potential 102
Mps1-mediated phosphorylation of Megator disrupts its interaction with Mad1 137
Since Mad1 localization at NPCs is mediated by Megator (Scott et 2014) we next sought to examine whether Mps1 activity directly affects this interaction. We 140 found that Megator preferentially co-immunoprecipitates with Mad1 when Mps1 is depleted 141 from mitotically-enriched S2 cells lysates (Figure 2A) . Moreover, knocking-down the kinase 142 markedly reduced Megator hyperphosphorylation ( Figure 2B ), which prompt us to examine 143 whether Megator is directly targeted by Mps1. In vitro kinase assays and mass-spectrometry 144 analysis using recombinant Mps1 and fragments of Megator N-terminus potentially involved 145 in Mad1 binding (Lee et al., 2008) revealed that GST-Mps1 phosphorylates Megator 1178-1655 on T1259, T1295, T1338 and T1390. These residues are located in a putative 147 coiled-coil region ( Figure 2D ), which we found to directly interact with Mad1 N-terminus in 148 pull-down assays (Figure 2E,F) . Notably, 6xHis-Mad1 1-493 failed to bind with the same 149 efficiency to MBP-Megator 1178-1655/WT that had been previously phosphorylated by Mps1 or to a phosphomimetic version where T1259, T1295, T1338 and T1390 are converted 151 to aspartates (MBP-Megator 1178-1655/T4D ), thus indicating that phosphorylation of these 152 particular residues negatively regulates Mad1 binding to Megator in vitro (Figure 2E Collectively, these results demonstrate that Mps1-mediated phosphorylation of Megator on 169 T1259, T1395, T1338 and T1390 prevents it from binding to Mad1 during mitosis. 170
Recruitment of Mad1 to unattached kinetochores requires its dissociation from Megator 172
We then sought to examine the relevance of disengaging Mad1 from Megator in mitosis. 173
With the LARIAT experiment we observed that Mad1 levels at EGFP-Megator 1178-1655 174 clusters and its accumulation at unattached kinetochores are inversely correlated ( Figure 2G -175 J). This suggests that retaining Mad1 associated with Megator during mitosis precludes its 176 proper recruitment to kinetochores. To address this further, we generated S2 cell lines stably 177 expressing full length versions of Megator phosphomutants tagged with EGFP and depleted 178 the endogenous nucleoporin with RNAi targeting the transcript UTRs ( Figure 3A and 4A,B). 179
Following an induction period of 24 hours, all transgenes are expressed at endogenous levels 180 and localize correctly at the NE of interphase cells ( Figure 3B ; Figure 4A 
Dissociation of Mad1 from Megator in mitosis is required for functional SAC signalling 202
To examine the importance of Mps1-mediated phosphorylation of Megator for SAC 203 signalling, we monitored by live-cell imaging the mitotic progression of Megator 204 phosphomutants and assessed their capacity to arrest in mitosis when incubated with spindle 205 poisons ( Figure 3F ). In asynchronous cultures, Megator T4A -EGFP cells progressed slightly 206 faster from NEB to anaphase onset (~36 min) than cells expressing Megator WT -EGFP (~39 207 min), suggesting that the SAC might be partially compromised in the phosphodefective 208 mutant. In line with SAC proficiency, cells expressing Megator WT -EGFP significantly 209 delayed the transition to anaphase in the presence of colchicine (~640 min) or taxol (~180 210 min). In contrast, Megator T4A -EGFP cells, although able to exhibit some mitotic delay in 211 response to unattached kinetochores (~360 min in colchicine) or decreased microtubules 212 dynamics (~87 min in taxol), failed to maintain this to the same time extent as Megator WT -213 EGFP cells ( Figure 3F Drosophila cells a significant reduction in the total levels of Mad1 and Mad2 following 231
Megator depletion ( Figure 4A ,B and S2D), these are partially rescued to a similar extent 232 regardless the Megator-EGFP transgene expressed ( Figure 4A Figure 4E ). This is indicative of a weakened SAC function, which is also observed in 242 parental S2 cells and human cultured cells respectively depleted of Megator ( Figure 4H 
Precluding Mad1 from binding to Megator rescues chromosome mis-segregation and 251 aneuploidy in neuroblasts and intestinal stem cells depleted of Mps1 252
The results so far demonstrate that Mps1 controls Mad1 kinetochore recruitment in part by 253 abolishing its interaction with Megator. We next assessed whether this mechanism occurs in 254 vivo and its relevance for genomic stability. We prevented Mps1 kinetochore localization in 255 Figure S3A ). Here, we confirmed 296 an increased proliferation of ISCs and enteroblasts (EBs) following EsgGAL4-driven 297 expression of UAS-Mps1RNAi ( Figure S3B ,C). Importantly, we found that co-expression of 298 UAS-MegatorRNAi supresses this dysplastic phenotype, thus suggesting a rescue in the levels 299 of aneuploidy in ISCs as observed for larval neuroblasts. Collectively, these results strongly 300 support that Mad1 dissociation from its nuclear pore receptor represents a critical event for 301 efficient kinetochore localization, for the fidelity of chromosome segregation and 302 consequently, for genome stability in vivo. 303
304
Our biochemical, cellular and in vivo data concur to demonstrate that Mps1 activity at NPCs 305 early in prophase sets the stage to enable appropriate recruitment of Mad1 by 306 unattached/prometaphase kinetochores ( Figure 5F ). Phosphorylation of Megator by Mps1 307 abrogates the nucleoporin interaction with Mad1, which we find to be essential for 308 kinetochore localization of Mad1-C-Mad2 to levels required to sustain robust SAC signalling 309 and accurate chromosome segregation. We also show that dissociation of Mad1 from NPCs is were determined for each time point (t), using the following formula: 385
Bi -integrated density of a ROI harbouring the nucleus (including outer nuclear membrane); 388
Ba -area of the ROI harbouring the nucleus; Si -integrated density of a ROI encompassing 389 the nucleoplasm; Sa -area of the ROI harbouring the nucleoplasm; bm-mean intensity a ROI 390 outside the cell (background); Cit -integrated density of a ROI harbouring the cell at time t; 391
Cit0-integrated density of a ROI harbouring the cell on the first frame. mCherry-Tubulin 392 intensities in the nucleus were determined for each time point (t), using the following 393 formula: 394
Nm-mean intensity of a ROI inside the nucleus, bm-mean intensity of the background, Cit-395 integrated density of a ROI harbouring the cell at time t; Cit0-integrated density of a ROI 396 harbouring the cell on the first frame. The changes in fluorescence intensity over time were 397 plotted as normalized signal relative to the mean signal measured before NEB. 398 399
Immunofluorescence analysis 400
For immunofluorescence analysis of S2 cells, 10 5 cells were centrifuged onto slides for 5 min, 401 at 1500 rpm (Cytospin 2, Shandon). For LARIAT experiments, cells were irradiated with 402 blue light for 30 min prior to centrifugation. Afterwards, cells were fixed in 4% 403 paraformaldehyde in PBS for 12min and further extracted for 8min with 0.1% Triton X-100 404 in PBS. Alternatively, cells were simultaneously fixed and extracted in 3.7% formadehyde 405 (Sigma), 0.5 % Triton X-100 in PBS for 10min followed by three washing steps of 5 min 406 with PBS-T (PBS with 0,05% Tween20). For immunofluorescence analysis of Drosophila 407 neuroblasts, third-instar larval brains were dissected in PBS and incubated with 50µM 408 colchicine for 1.5h. The brains were after fixed in 1.8% formaldehyde (Sigma-Aldrich) and 409 45% glacial acetic acid for 5min, squashed between slide and coverslip and immersed in 410 liquid nitrogen. Subsequently, coverslips were removed, the slides were incubated in cold 411 ethanol for 10 min and washed in PBS with 0.1% Triton X-100. Immunostaining was 412 
